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Few  studies  have  considered  the  environmental  impacts  of 
impurities  and  byproducts  associated  with  low-efficiency 
nanomanufacturing  processes.  Here,  we  study  the  composition 
and  aquatic  toxicity  of  low-purity,  as-produced  fullerenes 
(C60)  and  metallofullerene  waste  solids,  both  of  which  were 
generated  via  arc-discharge  synthesis.  Scanning  electron 
microscopy  with  energy  dispersive  X-ray  spectroscopy  (SEM- 
EDX)  and  inductively  coupled  plasma  mass  spectroscopy  (ICP- 
MS)  were  used  to  characterize  the  metals  composition  of  the 
solid  test  materials  and  of  aqueous  leachates  prepared  by 
mixing  test  materials  with  waters  of  varying  pH,  hardness,  and 
salinity.  The  aquatic  toxicity  of  the  leachates  was  determined 
using  U.S.  Environmental  Protection  Agency  recommended 
aquatic  bioassay  protocols  with  two  standard  test  organisms- 
Pimephales  promelas  and  Ceriodaphnia  dubia.  Results 
indicated  that  metals  associated  with  the  solid  test  materials 
became  mobilized  in  our  test  system  upon  interaction  with  waters 
of  circumneutral  pH  and  reached  concentrations  sufficient  to 
induce  toxicity  in  both  test  species.  Acute  (48  h)  LC50  values  for 
P.  promelas  and  C.  dubia  exposed  to  leachates  prepared 
from  metallofullerene  waste  solids  were  54  and  5%  (as  %  leachate 
in  diluent),  respectively.  Toxicity  was  eliminated  after  adding 
the  chelator  EDTA  to  the  leachates,  implicating  divalenttransition 
metals  as  the  toxicity  source.  Our  results  demonstrate  the 
aquatic  toxicity  of  metals  mobilized  from  products  and  byproducts 
of  nanomanufacturing,  and  they  emphasize  the  need  for  a 
global  review  of  nanomanufacturing  wastes  and  low-purity 
products. 

Introduction 

Estimates  suggest  that  by  2015,  nanotechnology  will  have  a 
trillion-plus  dollar  global  economic  impact  (7,  2).  Already, 
commercial  applications  of  nanotechnology  are  increasing, 
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varying  from  use  in  next-generation  pharmaceuticals  to  high- 
efficiency  photovoltaics  {3—  9) .  Growing  demand  for  products 
containing  engineered  nanomaterials  has  prompted  manu¬ 
facturers  to  scale  up  operations  to  offer  materials  at  increas¬ 
ingly  competitive  prices.  As  the  scale  of  nanomanufacturing 
expands  and  material  usage  increases,  so  too  will  the 
likelihood  that  engineered  nanomaterials  and  associated 
waste  byproducts  will  be  dispersed  in  the  environment  (JO). 
Studies  have  suggested  that  some  engineered  nanomaterials 
pose  environmental  health  and  safety  (EHS)  risks.  Griffitt  et 
al .  (11)  reported  that  copper  nanoparticles  were  more  acutely 
toxic  to  zebrafish  than  could  be  explained  by  dissolution 
alone.  Derfus  et  al.  (J2)  reported  that  oxidation  of  CdSe 
quantum  dots  resulted  in  leaching  of  Cd2+  ions,  which 
induced  cytotoxicity  to  hepatocytes  in  vitro.  A  number  of 
other  studies  have  reported  that  carbon  nanomaterials  were 
toxic  in  mammalian  systems  (13—  1 7).  At  least  one  study  has 
reported  enhanced  mobility  of  engineered  nanomaterials  in 
simulated  groundwater  systems  (18).  These  findings,  coupled 
with  the  unprecedented  growth  of  the  nanotechnology 
industry,  have  spurred  research  into  the  human  and  envi¬ 
ronmental  health  and  safety  implications  of  engineered 
nanomaterials. 

The  majority  of  studies  published  on  nanotechnology  EHS 
have  focused  on  the  final  nanoscale  products,  and  have  not 
considered  the  potential  impacts  of  impurities  and  synthesis 
byproducts  (e.g.,  residual  metals,  organic  solvents)  on  the 
range  of  nanomaterial  effects  reported  in  the  literature. 
Although  actual  nanomanufacturing  efficiency  data  are 
difficult  to  obtain  (19),  waste  byproducts  can  comprise 
approximately  40  to  >99.9%  of  the  total  production  output 
(on  a  mass  basis)  for  some  of  the  least  efficient  nanomanu¬ 
facturing  processes  (20) .  These  byproducts  may  take  the  form 
of  impurities  in  low-grade  products,  or  as  components  of 
mixed  solid-waste  streams.  As  the  scale  of  nanomanufac¬ 
turing  reaches  commercial  proportions,  management  of  these 
undesired  process  outputs  may  become  more  problematic, 
particularly  if  production  efficiencies  remain  low.  Thus, 
coupled  with  the  immediate  need  to  investigate  potential 
effects  of  released  engineered  nanomaterials  in  environ¬ 
mental  systems,  there  exists  a  pressing  need  to  study  the 
composition  and  potential  hazards  posed  by  the  mixed  waste 
streams  and  crude  product  extracts  that  are  generated  during 
some  nanomanufacturing  processes  (21). 

Metals-laden  wastes  are  of  particular  concern  given  the 
known  toxicological  effects  of  metals  on  living  systems 
(22-26)  and  the  widespread  use  of  metals  in  the  synthesis 
of  nanoscale  products  such  as  metal-containing  fullerenes 
(27)  and  carbon  nano  tubes  (28).  Previous  studies  have 
indicated  the  importance  of  metals  in  the  synthesis  and 
manufacturing  of  a  number  of  different  classes  of  engineered 
nanomaterials,  as  well  as  the  potential  of  these  metals  to 
remain  associated  with  the  final  nanoscale  products  and 
waste  streams.  Stevenson  et  al.  (29)  and  Tian  et  al.  (30)  noted 
enhanced  yields  of  specialized  fullerene  species  and  carbon 
nanotubes,  respectively,  upon  the  addition  of  Cu  metal 
powder  to  the  initial  reactant  mixture.  Methods  for  the 
preparation  of  semiconducting  quantum  dots  describe 
reliance  on  the  decomposition  of  metal  complexes  (e.g.,  Cd, 
Pb)  in  the  presence  of  acids  and  metal  precursors  (31).  Pumera 
(32)  recendy  noted  that  residual  Fe,  Ni,  Co,  and  Mo  impurities, 
which  are  used  as  catalysts  during  production  and  growth 
of  carbon  nanotubes  by  chemical  vapor  deposition  (CVD), 
remain  in  samples  of  multi-  and  single-walled  carbon 
nanotubes  even  after  acid-washing  at  high  temperatures. 
Given  the  frequent  usage  of  metals  as  feedstocks  for  many 
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nanoscale  synthesis  procedures,  it  is  reasonable  to  assume 
that  these  metals  will  also  be  major  constituents  of  na¬ 
nomanufacturing  outputs,  as  either  impurities  in  products 
or  as  components  of  solid  waste  streams. 

The  current  study  addresses  whether  feedstock-associated 
metals  pose  potential  risks  to  aquatic  receptors.  The  study 
was  intended  to  screen  whether  mobilized  impurities  from 
nanomaterials  and  nanomaterial  byproducts  may  be  of 
potential  concern  for  environmental  regulators  and  for 
researchers  attempting  to  address  toxicity  due  to  nanopar¬ 
ticles  alone.  Specific  modeling  of  impurity  concentrations 
that  may  partition  into  the  environment  was  beyond  the 
scope  of  this  study.  We  investigated  the  metals  composition 
of  two  different  nanomanufacturing  outputs:  a  commercially 
available,  as-produced  fullerene  product,  and  two  distinct 
samples  of  metal-containing  fullerene  (i.e.,  metallofullerene) 
waste  byproduct.  We  then  determined  whether  feedstock 
metals  associated  with  the  production  of  these  materials  can 
become  mobilized  and  reach  toxic  concentrations  in  simu¬ 
lated  aquatic  systems. 

Experimental  Section 

Test  Materials.  Three  test  materials  were  selected  for  study 
based  on  the  established  association  of  metals  with  their 
production  as  well  as  the  existing  use  of  these  materials  in 
research  and  commerce.  All  materials  were  generated  using 
the  Kratschmer— Huffman  arc  method.  The  first  material,  a 
commercially  available,  as-produced  C6o  fullerene  soot 
(catalog  no.  572497),  was  obtained  from  Sigma-Aldrich  (St. 
Louis,  MO).  The  final  product  is  reported  to  contain  greater 
than  7%  fullerenes  by  weight;  of  that  fraction,  typical  fullerene 
composition  is  as  follows:  C6o  (76%),  C70  (22%),  and  higher- 
order  fullerenes  (2%).  Information  on  metals  composition 
was  not  provided  by  the  distributor.  The  second  and  third 
materials,  mixed  solid  waste  composites  resulting  from  the 
manufacture  of  gadolinium  encapsulate  (Gd3N@C8o)  en- 
dohedral  metallofullerenes,  were  obtained  from  an  unnamed 
industrial  source  and  a  university  research  laboratory. 
Endohedral  metallofullerenes  are  carbonaceous  fullerenes 
encapsulating  metal  atoms  bound  to  a  nitrogen  core.  The 
synthesis  of  these  materials  follows  the  trimetallic  nitride 
template  process  (33).  The  final  product  of  this  synthesis 
procedure  is  extracted  from  an  enriched  soot  by  high- 
performance  liquid  chromatography  (33,  27).  The  yield  of 
finalized  nanomaterial  product  is  low,  resulting  in  relatively 
large  amounts  of  byproduct  material  and  future  emphasis 
on  greater  efficiency  (20,  34).  Additional  details  are  provided 
in  the  Supporting  Information. 

Preparation  of  Leachates.  Experiments  were  performed 
to  determine  whether  metallic  impurities  present  in  the  test 
materials  could  leach  from  solid  material  into  waters  having 
characteristics  representative  of  natural  surface  waters  (i.e., 
similar  pH  and  hardness).  Leachates  were  prepared  using  a 
method  adapted  from  the  toxicity  characteristic  leaching 
procedure  (TCLP,  U.S.  EPA  test  method  1311).  The  procedure 
was  modified  as  described  below  to  accommodate  reduced 
mass  of  materials,  shortened  contact  time,  and  stream-lined 
analysis.  Briefly,  one  gram  of  each  of  the  materials  was 
added  to  one-liter  sample  bottles  (Nalgene,  Rochester,  NY) 
filled  with  reconstituted  waters  of  varying  chemistry  (see  the 
Supporting  Information  for  measured  water  quality  param¬ 
eters  of  the  reconstituted  waters).  Moderately  hard  recon¬ 
stituted  water  (MHRW)  and  hard  reconstituted  water  (HRW) 
were  formulated  in  accordance  with  U.S.  EPA  standard 
methods  (35).  Estuarine  (5%o)  andmarine  (30%o)  waters  were 
formulated  using  Instant  Ocean  sea  salt  (Aquarium  Systems, 
Mentor,  OH),  according  to  manufacturer  specifications. 
Estuarine  and  marine  waters  were  used  only  for  chemical 
analysis;  only  freshwaters  were  used  in  aquatic  bioassays. 
Upon  addition  to  the  reconstituted  test  waters,  the  solids 


were  hydrophobic  and  did  not  readily  dissolve  or  disperse. 
To  maintain  environmental  relevance,  however,  solids  were 
dispersed  into  waters  without  the  use  of  solvents  or  other 
preparatory  methods  (e.g.,  sonication,  addition  of  surfactants) 
that  enhance  material  dissolution  or  dispersion.  The  bottles 
containing  the  solid  fractions  were  placed  on  an  orbital  shaker 
at  a  speed  of  100  RPM  for  one  hour  and  allowed  to  settle 
overnight.  Following  settling,  the  bottles  were  centrifuged  at 
speeds  up  to  4200g.  The  supernatant  was  filtered  using  0.45 
/im  Millipore  paper  filters  (HAWP  047  00,  Millipore  Corpora¬ 
tion,  Bedford,  MA).  The  resulting  clear  filtrate  was  collected 
and  used  for  subsequent  metals  analysis  and  aquatic 
bioassays  with  U.S.  EPA  standard  test  organisms;  the  leached 
solid  fractions  were  discarded  and  not  used  in  bioassays. 

Determination  of  Metals  in  Leachates  and  Solids.  The 
bulk  chemical  composition  of  as-produced  Ceo  and  metal¬ 
lofullerene  byproduct  materials  was  measured  using  a 
scanning  electron  microscope  outfitted  with  a  Fisons-Kevex 
771  energy  dispersive  X-ray  spectroscopy  (EDX)  analyzer 
(Quantax  System;  Bruker  AXS,  Ewing,  NJ) .  Leachates  were 
analyzed  by  ICP-MS  for  feedstock  metals  associated  with  the 
arc-discharge  method.  The  following  is  a  list  of  metals 
analyzed  by  ICP-MS:  Al,  Be,  Cd,  Ce,  Co,  Cr,  Cu,  Fe,  Gd,  Mo, 
Nd,  Ni,  Pb,  Pr,  Sb,  Sm,  Sn,  Tb,  Th,  Ti,  Tl,  Tm,  V,  Y,  Yb,  and 
Zn.  Metals  concentrations  were  determined  in  the  aqueous 
leachates  after  acid  digestion  (EPA  Method  3010A),  using  a 
Perkin-Elmer  Elan  6000  ICP-MS  following  EPA  Method  6020. 
Detection  limits  were  <1  and  50  «g/kg  for  the  aqueous  phase 
and  solid  phase  metals,  respectively.  Refer  to  the  Supporting 
Information  for  additional  details  on  ICP-MS. 

Bioassays  with  Leachates  and  Solids.  The  acute  water 
column  toxicity  of  as-produced  C6o  and  metallofullerene 
waste  leachates  prepared  from  freshwaters  (MHRW  and 
HRW)  of  circum-neutral  pH  was  assessed  at  25  ±  1  °C  using 
48  h  test  methods  for  Ceriodaphnia  dubia  and  Pimephales 
promelas  (35).  These  organisms  were  selected  for  their 
demonstrated  sensitivity  to  metals  (23),  and  their  frequent 
use  in  ecotoxicological  evaluations  of  surface  waters,  in¬ 
dustrial  effluents,  and  a  broad  spectrum  of  chemicals  used 
in  commerce.  A 10  day  sediment  toxicity  test  for  survival  and 
growth  of  the  freshwater  amphipod,  Hyalella  azteca,  exposed 
to  sediments  amended  with  a  second  solid-phase  metallof¬ 
ullerene  waste  was  also  conducted.  Details  on  aquatic  and 
sediment  bioassay  methods  and  statistical  analysis  are 
provided  in  the  Supporting  Information.  Lethal  concentration 
values  inducing  50%  mortality  (LC50)  were  calculated  using 
the  trimmed  Spearman— Karber  Method. 

EDTA  Toxicity  Reduction  Experiment.  Many  of  the 
cationic  metals  (e.g.,  Cd,  Cu,  Ni,  Pb,  Zn)  associated  with 
carbonaceous  nanomanufacturing  can  be  chelated  by  eth- 
ylenediaminetetraacetic  acid  (EDTA)  and  made  less  bio- 
available  to  test  organisms  (36) ;  thus,  we  tested  the  hypothesis 
that  any  metals-induced  toxicity  observed  in  the  aquatic 
bioassays  with  diluted  leachates  could  be  eliminated  when 
treated  with  EDTA.  Separate  aquatic  bioassays  were  per¬ 
formed  using  100%  as-produced  C6o  and  metallofullerene 
waste  leachates  treated  with  EDTA  60  min  prior  to  the 
addition  of  test  organisms  (EDTA  was  obtained  from  Sigma 
Chemical  Co.,  CAS  No.  6381-92-6,  99.5%  purity).  EDTA  was 
added  to  the  leachates  at  0.0024—479  mM  concentrations, 
and  therefore  was  present  in  excess  to  the  Ca  (0.3— 0.7  mM) 
and  Mg  (0.5—1 .0  mM) ,  leaving  the  excess  available  for  binding 
to  the  toxic  metals.  Additionally,  the  formation  constants  for 
Ca  and  Mg-EDTA  complexes  are  4.9  x  1010  and  6.2  x  108, 
respectively,  which  are  much  lower  than  the  formation 
constants  of  copper  and  gadolinium  EDTA  formation  con¬ 
stants  of  6.3  xlO18  and  2.3  x  1017,  respectively.  This  indicates 
that  even  if  EDTA  were  not  present  in  excess,  the  binding  of 
copper  and  gadolinium  would  still  be  preferred  relative  to 
calcium  and  magnesium.  Leachates  treated  with  EDTA  were 
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FIGURE  1.  Metals  concentrations  for  the  subset  of  freshwater 
leachates.  Metals  not  shown  were  below  the  detection  limits  (<1 
/<g/L).  Where  available,  acute  water  quality  criteria  for  specific 
metals  are  provided  as  the  criterion  maximum  concentration 
(CMC)  designated  by  the  U.S.  EPA.  The  CMC  for  Cu  is  11  fig/L 
Metals  concentrations  for  leachates  prepared  at  various  ionic 
strengths  as  well  as  leachates  prepared  from  as-produced  C^ 
leachates  in  MHRW  are  available  in  the  Supporting  Information. 


tested  in  parallel  with  the  dilution  assays  described  in  the 
previous  section  (refer  to  the  Supporting  Information  for 
methods  describing  leachate  water  chemistry). 

Results  and  Discussion 

Mobilization  of  Metals.  Results  of  qualitative  SEM-EDX 
measurements  (Supporting  Information)  indicated  that  the 
surfaces  of  the  as-produced  C6o  product  and  the  metallof- 
ullerene  wastes  were  primarily  comprised  of  carbon  and 
oxygen-containing  groups.  Three  process-associated  metals, 
Fe,  Gd,  and  Cu,  were  detected  on  the  surfaces  of  the 
metallofullerene  wastes  (Gd  was  the  target  encapsulate  metal, 
whereas  Cu  and  Fe  were  used  as  catalysts).  This  was  not 
surprising  given  previous  studies  have  documented  the  strong 
association  between  metals  and  oxidized  carbon  surfaces 
[37,  38) .  Analysis  by  ICP-MS  of  the  leachate  water  (detection 
limit  =  1  /<g/L)  from  the  as-produced  C6o  and  metallofullerene 
waste  solids  indicated  some  metals  mobilized  from  solid 
particulate  surfaces  into  aqueous  solution  (Figure  1).  In 
addition  to  Fe,  Gd,  and  Cu,  metallofullerene  waste  leachates 
contained  Al,  Pb,  and  Zn  at  concentrations  ranging  from 
2—15  and  1—61  «g/I.  for  leachates  prepared  from  fresh  and 
estuarine  waters,  respectively.  As-produced  C6o  leachates 
(which  were  prepared  in  MHRW  only)  contained  a  range  of 
metals,  but  at  much  lower  concentrations  than  observed  in 
the  metallofullerene  waste  leachates  (see  the  Supporting 
Information).  One  metal,  Ba,  and  one  nonmetal,  B,  were 
present  at  high  concentrations  in  the  C6o  leachate.  The  pH 
4  metallofullerene  waste  leachate  had  the  greatest  concen¬ 
trations  of  dissolved  metals  (Figure  1);  Cu  and  Gd  concen¬ 
trations  increased  from  157  and  0.09  to  1478  and  1794  pg/L, 
respectively,  when  pH  was  decreased  from  8  to  4.  This  inverse 
relationship  between  pH  and  dissolved  metals  was  expected 
given  that  metals  are  more  soluble  in  acidic  solution  (39). 
Higher  concentrations  of  metals  were  observed  in  the  higher 
ionic  strength  waters  relative  to  freshwater  (Supporting 
Information),  a  finding  potentially  explained  by  increased 
competition  for  binding  sites  between  metal  cations  present 
in  the  waste  leachates  and  those  released  by  the  dissolution 
of  salts  used  to  prepare  the  high  ionic  strength  dilution  media. 
Calcium  and  magnesium  are  present  at  factors  of  90  and  77 
greater  than  the  copper  and  4000  greater  than  gadolinium, 
respectively,  and  therefore  could  compete  with  these  metals 
for  sorption  sites  on  the  soot  material  in  a  way  analogous  to 
soil  cation  exchange  capacity  determinations  in  which 


sorption  sites  are  loaded  with  sodium  ions  that  are  then 
displaced  and  measured  by  an  excess  of  ammonium. 

Leachate  Toxicity.  Leachates  prepared  from  as-produced 
Cflo  and  metallofullerene  waste  in  MHRW  were  acutely  toxic 
to  both  test  species  (Table  1) .  Metallofullerene  waste  leachates 
were  notably  more  toxic  than  those  prepared  from  as- 
produced  C60,  and  induced  complete  mortality  in  C.  dubia 
at  concentrations  as  low  as  6%  leachate  (lowest  observable 
effect  concentration;  LOEC).  In  contrast,  for  leachates 
prepared  from  as-produced  C6(),  only  the  100%  leachate 
concentration  induced  complete  mortality  of  test  organisms. 
A  similar  trend  was  evident  for  P.  promelas ;  an  LOEC  of  50% 
was  estimated  for  metallofullerene  waste  leachate  whereas 
an  LOEC  for  as-produced  C6o  could  not  be  determined  due 
to  insufficient  mortality.  The  greater  toxicity  of  metallof¬ 
ullerene  waste  leachates  relative  to  leachates  prepared  from 
as-produced  C6o  may  be  at  least  partially  attributable  to  the 
greater  fraction  of  metals  observed  in  the  waste  leachate. 
For  example,  at  comparable  pH  and  hardness,  the  Cu 
concentration  present  in  metallofullerene  waste  leachate  was 
seven  times  greater  than  that  measured  in  as-produced  C6o 
leachate.  Relative  to  C.  dubia,  P.  promelaswas  more  tolerant 
to  both  the  as-produced  C6o  and  metallofullerene  waste 
leachates;  mean  survivorship  for  P.  promelas  was  10  ±  8% 
in  the  100%  metallofullerene  waste  leachate  compared  to 
0%  (complete  mortality)  for  C.  dubia.  The  48  h  toxicity 
reference  values  are  supplied  in  Table  1. 

Toxicity  Elimination  by  EDTA  Chelation  and  Water 
Hardness.  Treating  both  the  as-produced  C6o  and  metal¬ 
lofullerene  waste  leachates  with  EDTA  eliminated  the  toxicity 
observed  in  untreated  leachates,  thus  implicating  metal 
exposure  as  the  underlying  cause  of  toxicity.  The  survival  of 
both  species  was  indistinguishable  from  the  control  when 
the  1 00%  test  water  was  treated  with  EDTA  (Figure  2) .  Previous 
studies  have  shown  that  EDTA  chelates  metals  such  as  Gd 
(40),  Cd,  Cu,  Ni,  Pb,  and  Zn,  making  them  less  bioavailable 
and  thus  less  toxic;  however,  EDTA  is  less  effective  at  reducing 
toxicity  caused  by  Fe,  Cr,  and  Al  [36) ,  which  were  also  detected 
in  the  test  water.  As  shown  in  Figures  2  and  3,  Cu  was  present 
in  both  as-produced  Cfi(,  and  metallofullerene  test  waters. 
Further,  Cu  was  the  only  metal  to  exceed  its  criterion 
maximum  concentration  (CMC)  of  11  pg/L  (hardness  =  80 
mg/L  as  CaC03)  as  set  forth  by  the  U.S.  EPA  National 
Recommended  Water  Quality  Criteria  [41)  and  toxicity 
reference  values  reported  in  the  literature  [42).  Collectively, 
these  results  suggest  that  the  presence  of  metals,  particularly 
Cu,  in  leachate  water  most  likely  contributed  to  the  toxicity 
observed  in  the  aquatic  bioassays.  A  more  comprehensive 
TCLP procedure  (TCLP,  U.S.  EPATestMethod  1311)  followed 
by  a  toxicity  identification  and  reduction  evaluation  (TIE/ 
TRE)  could  be  employed  by  generators  of  complex  na¬ 
nomanufacturing  waste-streams  to  identify  specific  toxicants 
in  liquid,  solid,  or  multiphasic  wastes.  Given  the  time  and 
resource  intensiveness  of  these  procedures,  however,  they 
would  likely  need  to  be  performed  under  a  narrow  range  of 
environmental  conditions  (e.g.,  pH,  ionic  strength,  natural 
organic  matter)  specifically  suited  to  the  site(s)  where 
potential  leaching  of  nanomanufacturing  wastes  would  be 
of  concern  (e.g.,  landfill,  settling  pond). 

Water  hardness  also  ameliorated  some  toxicity.  Although 
complete  mortality  was  observed  in  the  100%  leachate 
treatment  created  in  HRW,  C.  dubia  was  significantly  more 
tolerant  in  this  higher  water  hardness  leachate  with  a  48  h 
LC5o  of  11  (10-13)%;  this  difference  increased  once  the  LC50 
values  in  the  MHRW  and  HRW  were  normalized  to  con¬ 
centrations  of  Cu  metal  (Figure  3),  and  the  increase  in 
tolerance  was  consistent  with  findings  reported  in  the 
literature  for  C.  dubia  exposed  to  metals  at  increasing  water 
hardness  (24). 
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TABLE  1.  Toxicity  End  Points  (48  h)  for  Ceriodaphnia  dubia  and  Pimephales  promelas  Expressed  As  a  Percentage  of  the 
Leachate  Water  for  the  Metallofullerene  Waste  (a)  and  As-Produced  CE0  (b)a 


EDTA  metals  (/tg/L)  other  metals  [p g/L) 


test  organism 

48  h  end  point 

toxicity  reference  value  (%  leachate)  Cu 

Gd 

Zn 

Al 

Fe 

Ceriodaphnia  dubia 

LC50  (95%CI) 

5  (14-15) 

8 

<1 

<1 

<1 

7 

LOEC 

6 

9 

<1 

<1 

<1 

8 

NOEC 

3 

5 

<1 

<1 

<1 

4 

Pimephales  promelas 

LC50 

54  (46-63) 

85 

2 

5 

7 

70 

LOEC 

50 

79 

2 

5 

6 

65 

NOEC 

25 

39 

<1 

2 

3 

33 

EDTA  metals  (/<g/L) 

Other  metals  (ug/L) 

test  organism 

48  h  end  point 

toxicity  reference  value  (%  leachate)  Cu 

Ni 

Zn 

Al 

Ba 

Cr 

Mn 

Sr 

Ceriodaphnia  dubia 

LC50  (95%CI) 

60  (52-68) 

16 

<1 

4 

1 

60 

1 

3 

7 

LOEC 

100 

26 

1 

7 

2 

100 

2 

5 

11 

NOEC 

50 

13 

<1 

3 

1 

50 

1 

2 

6 

Pimephales  promelas 

lc50 

>100 

26 

1 

7 

2 

100 

2 

5 

11 

LOEC 

>100 

26 

1 

7 

2 

100 

2 

5 

11 

NOEC 

100 

26 

1 

7 

2 

100 

2 

5 

11 

a  Concentrations  for  metals  that  are  and  are  not  bound  by  EDTA  are  presented  based  on  the  percent  leachate  at  each 
toxicity  reference  value.  Numbers  in  parentheses  represent  the  95%  confidence  interval.  Metals  not  reported  were  <1  /(g/L. 


Significance  to  Environment  and  Bioassay  Conduct.  Our 

results  indicate  that  feedstock  metals,  some  of  which  are 
known  to  be  toxic  in  environmental  systems,  can  be  found 
in  low-purity  fullerene  products  and  mixed  nanomanufac¬ 
turing  waste  streams.  Under  pH  conditions  typical  of  surface 
waters  and  natural  rainfall,  these  metals  may  partition  from 
solid  phases  into  soluble  forms  that  are  toxic  to  aquatic 
organisms.  Aquatic  bioassays  using  metals-sensitive  test 
organisms  exposed  to  EDTA  treated/nontreated  test  waters 
lend  further  evidence  to  our  claim  that  the  mobilization  of 
metals  from  as-produced  C6o  and  metallofullerene  wastes 
plays  a  significant  role  in  the  toxicity  of  the  materials  and 
leachates  evaluated  here.  This  has  significant  implications 
to  the  environmental  effects  of  the  leaching  of  waste  products 
and  to  the  toxicity  testing  of  finalized  but  impure  nanoma¬ 
terial  products.  Tests  of  a  second  metallofullerene  solid  phase 
waste  amended  into  a  freshwater  sediment,  the  ultimate 
repository  for  this  hydrophobic  material,  suggests  toxico¬ 
logical  implications  of  this  solid  phase  at  higher  concentra¬ 
tions  due  to  reduced  contaminant  bioavailability  (see  the 
Supporting  Information  for  full  data  reporting). 

At  present,  it  is  unclear  whether  the  metals  concentrations 
in  our  laboratory  studies  are  likely  to  occur  in  the  environ¬ 
ment,  particularly  when  considered  alongside  naturally 
occurring  metals  complexation  reactions.  However,  previous 
experience  with  leachates  from  landfills  suggests  that  po¬ 
tential  exists  for  high  concentrations  of  metals  (or  other 
contaminants)  to  be  observed  in  areas  where  the  mass  of 
waste  materials  may  be  concentrated  (e.g.,  a  fly  ash  landfill 
or  finishing  pond),  contact  times  may  be  increased  (years 
instead  of  days),  and  site- specific  conditions  may  be  more 
conducive  to  mobilization  (i.e.,  pH,  redox,  microbial  interac¬ 
tions,  etc.).  Future  studies  will  be  required  to  address  these 
questions. 

As  production  scales  for  engineered  nanomaterials  con¬ 
tinue  to  expand,  so  too  does  the  importance  of  developing 
strategies  to  minimize  impurities  and  byproducts,  and  to 
improve  overall  nanomanufacturing  efficiencies.  In  particu¬ 
lar,  some  nanomanufacturing  processes,  such  as  arc- 
discharge  synthesis  of  carbonaceous  nanomaterials,  require 
management  strategies  that  prevent  their  release  to  the 
environment,  either  through  treatment  or  recycling.  Yields 
from  this  process  are  generally  low;  a  recent  study  by 
Stevenson  et  al.  (20),  reported  that  1000  gof  feedstock  were 
required  to  generate  1  g  of  final  metallofullerene  product, 


with  the  remaining  ~999  g  of  feedstock  discarded  as  solid 
waste  (or  "waste  soot”).  On  a  mass  basis,  this  solid  waste 
fraction  may  be  comprised  of  ~50%  feedstock  metals,  some 
of  which  are  commercially  valuable  (e.g.,  rare-earth  metals) 
or  toxic  in  environmental  systems  (e.g.,  Cu),  and  thus  recent 
efforts  have  focused  on  recovering  and  recycling  these 
materials  [20,  34).  This  unexplored  area  of  nanotechnology 
EHS  poses  significant  challenges  for  public  health  officials, 
waste  management  authorities,  and  generators  of  na¬ 
nomanufacturing  wastes. 

While  it  is  imperative  that  researchers  continue  to  evaluate 
the  toxicological  behavior  of  engineered  nanomaterials,  our 
results  emphasize  the  need  for  studies  to  evaluate  the 
occurrence  and  composition  of  impurities,  particularly 
metals,  in  the  products  and  byproducts  of  nanomanufac¬ 
turing  and  waste  streams.  If  present  in  sufficient  concentra¬ 
tions,  metals  may  confound  experimental  outcomes  of  studies 
examining  the  potential  toxicity  of  engineered  nanomaterials. 
This  is  particularly  true  in  investigations  where  measurements 
and  assays  are  sensitive  to  the  presence  of  metals  (e.g.,  tests 
with  aquatic  organisms  such  as  fish  and  invertebrates) .  The 
implications  of  experimental  outcomes  are  important  both 
to  ensure  public  health  and  safety  and  to  communicate 
accurate  information  regarding  the  toxicological  and  fate/ 
transport  implications  associated  with  engineered  nano- 
materials  and  associated  waste  byproducts.  A  recent  study 
reported  that  the  smaller  sized  fluorescent  fraction  of  as- 
prepared  single-walled  nanotubes  (SWNT)  had  greater  impact 
on  the  estuarine  copepod  Amphiascus  tenuiremis  than 
purified  SWNTs  due  to  ingestion  of  carbonaceous  nanoma¬ 
terials  and  disruption  of  feeding,  penetration  of  the  gut  wall, 
and/or  oxidative  stress  [43).  While  this  explanation  is  logical, 
the  detection  limits  for  metals  by  the  EDX  analysis  used  were 
not  reported,  and  thus  metals  in  the  lower  purity,  as-prepared 
SWNTs  cannot  be  eliminated  as  a  potential  contributor  to 
toxicity  to  the  metals  sensitive  test  organism  [44).  While  our 
study  investigated  wastes  from  different  carbonaceous 
nanoparticles,  our  results  imply  that  the  metals  in  the  tested, 
low-purity  carbon  nanomaterials  were  at  adequate  concen¬ 
tration  to  induce  acute  toxicity.  Further,  these  results 
underscore  the  need  to  characterize  test  materials  and  media 
for  the  presence  of  impurities,  and  to  consider  toxicity 
mechanisms  that  may  be  attributable  to  these  impurities. 

Our  results  are  not  representative  of  all  nanomaterial- 
based  products  and  waste  streams  as  there  will  likely  be 
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(a) 


(b) 


FIGURE  2.  Survivorship  (48  h)  in  varying  concentrations  of  met- 
allofullerene  waste  and  as-produced  fullerene  leachates  for  (a) 
Ceriodaphnia  dubia  and  (b)  Pimephales  promelas.  Leachates 
were  prepared  in  moderately  hard  reconstituted  water.  To  inves¬ 
tigate  the  role  of  metals  in  toxicity  of  leachates,  ethylenediamine- 
tetraacetic  acid  (EDTA)  was  added  to  100%  leachate  treatments- 
denoted  by  "(EDTA)"  and  open  points.  Means  and  standard 
deviations  are  plotted. 

considerable  variation  among  constituents  present  in  na¬ 
nomanufacturing  outputs  depending  on  the  nature  of  the 
initial  reactants  and  the  efficiencies  of  the  synthesis  proce¬ 
dures  used.  Nevertheless,  a  global  review  of  nanomanufac¬ 
turing  methods  is  warranted  to  evaluate  the  composition 
and  management  of  waste  streams  from  nanomanufacturing 
processes.  Failure  to  consider  the  presence  of  metals  and 
other  nano  as  well  as  non-nano  components  in  nanomanu¬ 
facturing  waste  streams  may  lead  to  implementation  of  waste 
management  strategies  that  do  not  account  for  the  potential 
of  these  constituents  to  become  mobilized  once  disposed  of 
in  the  environment,  such  as  through  leaching  from  landfills 
or  similar  holding  facilities  [45,  46).  Once  specific  waste 
materials  are  known,  further  investigation  is  required  on  a 
case-specific  basis  to  determine  the  relevant  concentrations 
of  impurities  released  to  the  environment  (e.g.,  the  toxicity 
characteristic  leaching  procedure) . 


Log  Concentration  {%) 

FIGURE  3.  Survivorship  (48  h)  of  C.  dubia  in  varying  concentra¬ 
tions  (dilutions  ranging  from  3  to  100%)  of  metallofullerene  waste 
leachate  prepared  in  moderately  hard  reconstituted  water  (MHRW) 
versus  hard  reconstituted  water  (HRW).  Means  and  standard 
deviations  are  plotted. 
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